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ABSTRACT

The electron density in a plasma can be determined by measuring the phase

shift of a low-power microwave signal transmitted through the plasma. Measurement

of the attenuation of the transmitted signal makes pos sible the determination of the

electron-neutral particle collision frequency. Knowledge of the collision frequency

in turn makes it possible to determine the electron density more accurately.

A method is described for determining the electron density and collision

frequency in the afterglow of a pulsed discharge in hydrogen. The results indicate

that the electron density does not decay exponentially, but that it decays more rapidly

at first and less rapidly later. It is shown that this is probably due to the existence

of a net negative charge in the center of the discharge tube, arising from sputtering

of the cathode metal onto the walls of the tube, or to the presence of impurity atoms.

1"I
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INTRODUCTION

A plasma can be defined as a partly ionized gas which is macros-
copically neutralA. It is made up of electrons, positive and negative ions,

and uncharged atoms and molecules, and in any sufficiently large volume*

the numbers of positive and negative charges are equal. In laboratory

plasmas the gas is generally contained in a discharge tube containing two

electrodes, and an ionizing voltage is applied across the electrodes. When

the pressure in the discharge tube is of the order of a few millimeters of

mercury, an applied voltage produces a uniform glow throughout the tube,

and the discharge is known as a " glow discharge. " It is with this type of

discharge that this report is concerned.

Use of a pulsed dc voltage makes it possible to achieve high instant-

aneous electron densities with low average power dissipation. The duration

of the pulse is much smaller than the time between pulses. During the

time the voltage is applied, the gas is partly ionized and becomes conduct-

ing, and the electron density builds up to its maximum value. In-the after-

glow region when the voltage is removed, the electrons gradually recombine

with the positive ions, and the electron density slowly decays to zero.

The discharge tube used in the experiment is in the shape of a rec-

tangular box. The electrodes, at opposite ends of the box, are made of

15/16 inch stainless steel plate, and their inside dimensions are 10. 5 by

IZ. 0 centimeters. The other four sides are constructed of 5/8 inch Pyrex

glass. The length of the tube between electrodes is 18. 95 centimeters.

The i)urpoRP of this study was to observe the decay process by

using a microwave (Kband) probe and to find out if some information can

be obtained about the electron distribution in the discharge tube.

*By " sufficiently large volume" is meant any volume which is large
compared to the 2cube of the Debye shielding distance, given by
h 0 ( 5okT/2N0 e)j. Li the cases considered, h is approximately . 001 cm.
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DETERMINATION OF ELECTRON DECAY RATE NEGLECTING COLLISIONS

It has been shown that the propagation constant y for a plane wave transmitted
through a plasma can be written as

2 2'
y= "- Poo tow .

Setting y a t + JP. where a is the attenuation constant and is the phase shift per
unit length, one obtains

2

CLzI~ (tolS /W •oW - -• ,

a 1 (W v/W

W c p

Consequently, if a plane wave of known frequency is transmitted a known
distance through a plasma and the resulting phase shift is measured, it should be
possible to determine the electron density n. If the electron density were uniform

throughout the plasma, the total phase shift would be equal to the product of the
phase constant P and the transmission distance d. However, the quantity determined

experimentally is the difference between the shift due to the plasma and that for
the same path length in the absence of plasma; thus,

-!I- ))d = - I-- d,

where + is the measured quantity. In the general case, the electron density is not

uniform bur varies from point to point, and the experimental phase shift + is given by

2= d [ - W p( Z d) . (d)

Assume that the plasma radian frequency w p is given as a function of position

and time by
2Wp (a.t) - Z(a) T(t)

W

I.
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Then equation (2) becomes

c d A - fdI - ZlzT(t)] T dz. (3)
0

In the above equation* is known, and Z(z) and T(t) are unknown. There are
two approaches to the problem of determining the time and space dependetnce of
the electron distribution. One can assume that one knows T(t), and solve the re-

sulting integral equation for Z(z). Or one can assume an arbitrary Z(z) and solve
for T(t). It will be shown that for the given data, the form of the function, T(t)

is practically independent of the space variation Z(z).

From theoretical results it can be inferred that the actual spatial electron
distribution is roughly sinusoidal in shape. Then one can consider the cases Z *

constant and Z(z) having the form of a linear ramp to be limiting cases, with the
actual distribution lying between them (see Fig. 1).

Z (z) Z CONSTANT

-ASSUMED FORM
I OF Z(z)

--LINEAR RAMP

0 d/2 d z

Fig. 1. The actual distribution (approximated by the curved line)
lies between the two limiting cases.

It turns out that in these two limiting cases it is particularly simple to eval-

uate T(t). In the case Z = constant,

wd du d f f(1 -T)Id (4)
c c d

where for simplicity the constant has been assumed equal to I. Integration yields.

i' •d W0d( T)

c c
which is readily solved for T (t):

0

I.(t ; 5
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where *is the normalized phase shift

c

and the subscript c denotes the fact that Z is constant.

There is no physical reason for assuming that the space distribution is not

symmetrical. Thus if a ramp function is assumed for Z(z), I. e.,

Zz) (6)

then
d

0

Upon integration,

1 l+ 7 T[(I T) ]

Rearranging and squaring, one has

T3 +[9 1  a ]T
T 'L(il~ J+t~ 

OSolving for Tr and retaining only the solution that has physical significance, one

has finally
Tr (t) = A-- - 3 !.7)

where

3 2
A X (1+66-3%4 .

The function T(t) was evaluated in a number of cases. In each case, a set of

data, consisting of pairs of values of t and +, was plotted in the form of a smooth

curve. Smoothed values of + (in most cases no different from the experimental

values) were taken from the curve. T(t) was then calculated for both the constant-

Z assumption and the ramp hypothesis. The two curves were plotted on the same

shoot of graph paper, and in every case the shapes of the two curves resembled

each other so closely that it was impossible to distinguish them by eye. This being

the case, it is evident that the data taken can give no information about the function

Z(M). since no matter what form is assumed for Z(,), the time dependence T(t) has

the same character.
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It is possible however to determine the area under the curve Z vs. z, since

at t = 0, T(t) must be equal to unity. Since it is impossible to determine the exact
shape of the transverse distribution Z(z) anyway, it is illuminating to assume a
form for Z(z) that is easy to work with and such that the area that it satisfies the
initial condition T (0) •

The simplest functional form for Z(z) from the point of view of evaluating
the phase integral is a trapezoid (see Fig. 2). The trapezoid that will be used is
symmetrical about z = d/Z, has )-eight 1, is d cm. wide at the base and d-d' cm.
wide at the top. It is evident that by adjusting the break points d' /2 and d - d'/2

the trapezoid can be made to approximate any function from a rectangle to a tri-

angle, i. e. it can be made to enclose any desired area.

Z

II I' I

OI I I
0 d1/2 d 1/2

Fig. 2. Any distribution can be approximated by a trapezoid.

For the trapezoidal distribution of Fig. 2,
I.d' Id

2 1•= 1-• {1-•1•T) dz - Z ,d(1 -T)]d.

O7d" (8)

After integrating, one has

+: 3+ a-d710 - T) I- I - T) (9)

Rearranging terms and squaring gives

(3 - D)2T2 + 3(D2 - 2D1- 3Tc)T +12 iD = 0

where

dt zZ'D m ' TC = 2 4s-
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The solution is
TFI A + ., (10)

where

3(3T 0 + 2D - D 2 ) 12 *D

2(p -D)z -F3- D)Z

When T is plotted for 0<D <1, it is found that the curve lies between the curves
for the constant case (T ) and the ramp. The value of D that should be used is that
value that makes T(0) z 1. If in equation (9) one sets T= I and solves for D a d' /d,
the result is

where *(0) is the value of 4o at t = 0.

A word is necessary about the sign in equation (10). For all values of
greater than D/3, take the larger root of the quadratic (use the plus sign in equa-
tion (10). For all values of 4 smaller than D/3, take the smaller root (use the minus

sign).

Of course the function w / w may not be separable into functions of tims
and position alone, and, in fact, probably is not separable. That is, the spatial elec-

tron distribution may change continuously with time. The electrons in the center
of the tube may "decay" at a faster rate than those at the walls, or vice versa. How-
ever, just as the data contains no information regarding the spatial distribution

Z(e), so it tells nothing about how the spatial distribution might be changing with

time.

It is also apparent that two or more different distributions can give rise to
the same time dependence T(t). For instance, assaming either of the two confi-

gurations shown on (Fig. 3), the same date + (t) will yield the same tims dependence

T(t). Thus while the data tells a great deal about the rate of decay, 'it tells little
about the spatial distributioh.

z z

I I

0 MEt d 0z dt d

Fig. 3. If the two distributions decay at the same rate, the phase shift
*(t) will be identical in the two cases.
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THE EFFECT OF COLLISIONS ON THE DECAY RATE

In what has been said so far, no account has been taken of collisions between
electrons and neutral particles. It will be shown that, for a given set of data,
T(t) is smaller at small values of t, and larger at large values of t, when the effect
of collisions is taken into account than it is when collisions are neglected. The two
curves cross at the point T(t) u Y

Wo

Equation (1) gives the phase shift per unit length (for the plasma) in terms of
the plasma frequency, which is proportional to the square root of the electron density.

and also gives the attenuation constant in terms of the plasma frequency and the col-
lision frequency. Whitmer 2 writes, "It can be seen that a.measurement of the change
in the phase of a wave transmitted through an ionized gas with respect to a reference
path will yield n. By similarily measuring the attenuation, v may be obtained ....

[n is assumed uniform throughout the volume of the gas encompassed by the microwave
.horns] . Since the electron density that is measured is an average density over this

volume, it is believed that this assumption does not 'introduce an appreciable error
in the measurement." Thus in solving for v, one must use that value of w pZ/42

much that if n (and therefore w p 2/w2) were constant over the volume of the discharge
tube, the phase shift produced would be equal to the observed phase shift +. How-
ever to find V one must first find a

In performing the experiment the insertion loss L in db attenuation (dba) was
also measured. By definition,

1P
L = 10 log10  1 (12)

2

where P1 is the transmitted power with no plasma in the tube and P 2 is the trans-

mitted power with plasma present. With no plasma present, the attenuation in the
reference signal was equal t, that of the transmsitted signal. When the plasma was

introduced into the transmission path, the attenuation was again increased until the
amplitudes wore equal. Thus the attenuation added in the reference path is just

L db.

But PI/P 2 is simply o where d is the length of the discharge tube in the
direction of propagation. Hence

Zad
Lu 10 log 0 (e
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or

.23 L

Inserting the value d u 12 cm, one has finally that

e = .00958 Lpopers/cm. (13)

Putting this value of a into equation ( I ) and solving for -L , one sees that

1

(I - T ) L
-=0916 c LT (14)

Tc

where aL is db attenuation, f is frequency in Gc, and Tc = 2 t?- is the time de-

pendence for uniform electron density. It is found that for f = 12. 4 Gc, the average

value of Y- is . 375 (L was not measured at any other frequencies). It is apparent
then that the effect of collisions cannot be neglected.

3
Albini and Jahn have examined quantitatively the effect of collisions on the

phase of the transmission coefficient. They conclude, " The values of this phase
can be estimated surprisingly well by a simple average of the propagation exponent

over the ramp;
0Z0

+T ' +D - Re k k(z)dz] (15)

Consider again the trapezoidal fundtion Z of Fig. 2 . It is evident that if

d'ied, as is indeed the case in all the examples considered, then Z may be regarded

simply as a perturbation of a ramp function, and the results of Albini and Jahn are

applicable. In this case k y ' is complex, and( )becomes
c2
d' d

+ - wd .M2e f JK (z)dz - 2 Re f 7d k2 (z) dz

oY

where k1 (a) and k? (a) are the wave numbers for the ramp and the constant part of

Z(s), respectively. Thus in general

k ~ ) 1 -( W .

Over the ramp,

Z
• Z- T,
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and on t1h cons tent portion,
z

Thus

At this point it is convenient to introduce a new quantity

1K =[l- T-J T

Writing K = R - jI, where R and - I are the real a&d imaginary parts of K respect-

ively, one find a that
1

R • (1 - T)

'Z .. __(I - T)Z (17)

Hence

2z 25 Y1

Zz Z) zI
I (1 1-KT) - 1

Thorofore TZ2,,z (R1 - Zj I -tf12) +? I- KZ' r5~ +e. 1Kda}.

CTheryief out the inegration,

d I d
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whore, as before, D = d' /d. But

z? 2 3 2
K * 1+ZR+ZR +R +1 R1 +(ZR +R + IZ2

R[V + R + Z(•- V)RZ + ZR3 + (I + V)R4]
V + (1- ZV) R2 + 2R3 +{I + V}R4

whereV Hence
'I•=1-

2 D RV+R+Z(lV)RZ +Za3  R(1-D)
V V+(1 -ZV)R2 +-ZR 3 +(1+ V)R 4

Rewriting the last equation in powers of R, one has

PO + V)R5 -[6(1 +V) -ZP]R 4 + [Z (3 - ) -P(l + V)]R3

-[0 (l- ZV)- z(3 - P)]R 2 + VPR - Ve= 0, (18)
where

Ps 3- d"e 3(i- • e

v =({-) Rz (I - T)

Since T is constrained to lie between 0 and 1, R is also, and thus it is necessary to

find the root of equation (10) lying between 0 and I (there is only one). Horner' s

method and Bairstow' s method were used to find R. It was found that the values

of r, taking collisions into account, range from about 70% to about 120% of the

corresponding values of T neglecting collisions ( T is proportional to the electron

density). Thus (-1)2 is always less than I, i.e., there is no cut-off region, even

at t u 0 when the plasma is densest.
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EXPERIMENTAL BAETHOD

The experimental set-up is shown in Fig. 4.

TRANSMISSION PATH

PIASE SHIFTER
REFERENCE PATH

Fig. 4. Simplified block diagram of experimental set-up. •

A pulsed dc glow discharge is maintained in the discharge tube, which con-

ti hydrogen gas at a plressure of about 2! mm Hg.' T'he discharge current is

roughly proportional to the applied voltage. The electron density in the plasma

j reaches its maximum value when the current has decayed to half its peak value or

less. In the period known as the " aftergilow," that. i., when the applied electricI

field is removed, the electron density decays gradually to nero.

The klystron is operated at a frequency w sliglhtly liess than the maximumF
plasma frequency wip max" At the first magic tee, the signal divides, half gobing

through the transmission path and half through the reference path. Since the

electrons in the plasma escillate at appro~ximnately the same frequency as the

microwave signal, they interact with the sign•.l and affect its amplitude azsd phase.

(Since the ions oscillate at a much lower freqency, their effect on the signal

is neglligible. ) If now the variable attenuator and phase shifter in the reference

path are adjusted so that the reference signal has the same amiplitude as the trane-

raltied signal and is 1800 out of phase with it, the two signals will interfere destruc-

tively in the H-arm of the second magic tee and a null indication will be obtained at

the output. However as the attenuator is varied the change in phase of the signal

passingl through it also varies significantly. If, in masking a series of measurements,

oeily the phase shifter is varied, then the detected output siglnal will be minimum when

the transmitted and reference signals are exaitly out of phase. This is the method

used in the experiment in determiningl the phase of the translmitted siglnal.

As has been mentioned before, the klystron frequency must be somewhat less

Sthan the maximaIm plasma frequency. Furthermore, it is desirable that reflections
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from the glass walls of the discharge tube be kept as small as possible. For this

reason, the frequency is chosen such that the thickness of the glass walls is an in-

tegral number of half-wavelengths. Then, with the attenuator in the reference path

set at its maximum value and the attenuator in the E-plano arm of the first magic

tee set at zero, the tuner in the transmission path is adjusted so that the signal in

the E-pland arm is zero. Under these conditions, if the coupling between the H-

and E-plane arms is small, the signal from the walls of the tube is negligible.

This adjustment is made with no voltage applied to the discharge tube.

The method used for making the measurements is straightforward. The

phase shifter and attenuator in the reference path are adjusted for null signal in the

output arm of the magic tee in the absence of plasma. The discharge is then initia-

ted, and the detected output signal is displayed on an oscilloscope. (See Fig. S).
The lower trace is present because the square wave modulating signal is not synchron-
ized with the high-voltage pulses. Thus when a pulse appears, the klystron may be

either on or off, producing an upper and a lower trace., The spacing between the

-traces is proportional to the square of the. aignal volta.ge. The applied pulse is used

to trigger the horizontal sweep circuit. The time of appearance of the first fringe

in the afterglow or decay region is taken as the origin of the time axis.

A point on the trailing edge of the last fringe is arbitrarily chosen and the

corresponding time t is noted. The dielectric disc in the phase shifter is rotated,

in the direction that causes the amplitude of the trace at time to to decrease, until

a minimum is obtained, and the corresponding change in phase of the reference sig-

nal, considered as the positive increment +, is recorded. A second point t, closer

to the origin, is chosen, arid the process is repeated. In each case 4 is the total

phase shift undergone by the reference signal; the phase shifter must always be

rotated in the same direction. The process is contir;.A ,intil adjustment of the phase

shifter causes no further observable change in the position of the minimum; this

serves as an accurate check on the psition of thi. time origin. If there is any dis-

crepancy or ambiguity, the method just described should be used to fix the location

of the origin.

* is then plotted as a function of t, where t ranges from +oo (zero phase shift)

to zero.

Since the phase shifter and attenuator are initially adjusted for sero interfer-

ence signal in the absence -of plasma, the change in phase + at any timne is simply the

total phase shift through the empty tube, minus the total phase shift through the

plasma. Thus # is given by equations (2) aid (3). The methods of the previous sec-

tions are then used to reduce the data and determine the rate of decay of the electron
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Ii

J6VOLTS

0 4 12 16 20 t 4L600

Fig. 5. Top to bottom- Discharge current, transmitted signal,
interference signal (output of too) with attenuator adjusted
for null signal in the absence of plasma.

density in the tube.

To return to the equipment, it can be divided into four parts: the vacuum
system, the hydrogen &vnerator, the modulator, and tne microwave interferorneter.

The operation of the interferometer has already been described. The vacuum

system contists of a diffusion pump and a mechanical forepuznp designed to pump

the tube down to a pressure of the order of 10-6 mm Hg. Provision was made for
connecting an ionization gage to the system to measure the vacuum. A bellows
valve seals the tube off when the gas is admitted into it.

The hydrogen generator Consists of a hydrogen tank, the generator itself,
and a thermocouple gage for measuring the gas pressure in the tube. The generator
proper is a nickel tube sealed at one end and connected at the other end to the hydro-

gen line. To admit gas into the discharge tube the valves in the gas line are opened
and a large current is passed through the nickel tube. The current heats the tube,
making it porous, and the hydrogen then diffuses into the vacuum system. When the
desired pressure is reached, the current is shut off and the valves are closed. The

gage reads approximately twice the actual pressure when used with gydrogen; the
actual pressure however can be determined from a calibration chart.

The modulator employs a thyratron and a pulse-forming network to generate

high-voltage pulses of 4 microsecond duration. The modulator is triggered by an
audio oscillator. At first a repetition rate of 200 pulses per second was used. How-

ever, it was found that the high-voltage pulses heated the tube excessively, permit-
ting air to enter the tube. When this happened, the pressure rose and the character-
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istic blue color of the hydrogen glow discharge turned red and blue. Frequent arc-

ing between the electrodes made it impossible to make ur asurements. The repe-

tition rate was reduced to 80 ppe, and the trouble disappeared. The peak discharge

current was approximately 60 amperes.

The discharge tube is described in the Introduction.

In the plasma itself, the maximum electron density is approximately 1. 9

x 1012 electrons per cubic centimeter; that is, the gas is approximately . 00165%

ionized. The maximum electron temperature is of the order of 50, 000 0 K., and the
ion temperature about 5000°K. The peak discharge current is approximately 60

am~peres. The discharge tube containing the plasma is essontially a constant-voltage

device. Using a similar discharge chamber, it was found that when the peak voltage

E was 1500 volts, the peak current I was 2 amperes. When E was 1550 volts, I was

15 amperes; at 1620 volts, I was 65 amperes, and at 1700 volts, I exceeded 80 amperes.

A glow discharge in hydrogen has a characteristic bluish color, and is of more
or less uniform intensity throughout the tube. The cathode dark space, the negative

glow and the Faraday dark space are clearly visible at the cathode.
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EXPERIMENTAL DATA AND RESULTS

Figs. 6 and 7 show the variation of the phase shift with time in four of the
trials. Figs. 8 and 9, which are typical of all four trials, illustrate the fact that
the time dependence or decay rate T(t) is for all purposes independent of the as-

sumed spatial distribution Z(s). An exponential decay is plotted for comparison.

Fig. 10 gives the decay rate for the four cases, neglecting collisions. Figs. 11 and
12 show the decay process when the effect of collisions is taken into account. Fig.
13 compares the decay processes with and without collisions. In Figs. 14 and 15
are reproduced two of the experimental curves obtained by Ettenberg, Mentsoni

4
and Tamir.

It can be seen that the curves for the different trials are all very much alike,
indicating that the data is probably fairly reliable.

Thus the purpose of the experiment, to determine the electron decay rate in

a gas discharge, has been achieved. It has been found that the electron density de-
cays roughly exponentially with time, and that the observed departure from exponen-
tial behavior can be explained by postulating the build up of ions on the walls of the.

discharge tube when the ionizing voltage is applied, or, by the presence of impurity

atoms. It must be emphasized, however, that owing to the large amounts of impuri-
ties present in the discharge chamber and to the meagerness of the data obtained,

very little can be inferred regarding the nature of the decay process and the explan-
ation cited above must be regarded as speculation.



PIBMRI 977-61

BIBLIOGRAPHY

L J. Shmoys and S. N. Karp, " Calculation of Charge Density Distribution a(
Multilayors from Transit Time Data, " Journal of Goo-physical Research,
Vo. 61, No. 2, pp. 183-191, June 1956.

2. R. F. WhitnAr, n Microwave Studies of the Electron Loss Processes in Gaseous
Discharges," Physical Review, Vol. 104, No. 3, pp. 572-75, Nov. 1, 1956.

3. F. A. Albini and R. G. Jahn, " Reflection and Trsnsmission of Electromagnetic
Waves at Electron Dinsity Gradients," Journal of Applied Physics, Vo. 32,
No. 1, pp. 75-83, January 1961.

4. M. Ettenberg, M. MentzoLi and T. Tamir, "Microwave Probing of a Medium
Density Hydrogen Plasma, " Polytechnic Institute of Brooklyn, Microwave
Research Institute, Research Report PIBMRI - 808 - 60, 1960.



PIBM.RI-977-61

AMC; (At•G To,3h LIbrary-ML-135) 1
Patrick AFBP, Fla.-

AUL
Maxwll AFB, Ala.

OAR (MROB, Col. John R. Fowler) 1
Tempo D
4th and Independence Ave, Wash 25, D. C.
,APOSRy OAR (SRYP)
' Tempo D
/*th and Independence Avep Wash 25# Do Go

ASD (ASAPRD - Dist) 1
Wright-Patterson AFB, Ohio

LAC (RAYW) 1
Oriffies AFBP New YorkAttnt Documento Library

AF Missile Development Center (60mDI)
Holloman AFB, New Mexico

, . OAR (RROSP, Maj. Richard W. Nelson) 1 -

Washington 25, D, Co

" (A. (iA-2) 1
.Library AFL 2292s Building 450
Wright-Patterson APB, Ohio

Commanding General 1
USASRDL
Ft. Monmoutho N.J.
Attn: Tech Doc. Ctr.

SIQMU/SL-

Department of the Army1
Office of the Chief Signal b)ffioer
Washington 25, D. C.
Attnr SIRD-4a-2

Commanding Offioer
Attns OWL-012
Diamand Ordnance Fuse Laboratories
1.shington 25, Do C.

Redstone Scientific Inrorma~ton 9ente1
U.S, Army Missile Command
Redstone Arsenal, Alabama

Office of Scientifio"Ihte1llignoe 'Ooestrl 34it*llUpn0V. Agpno

230 E Street, H.W.
Oehngton 25 InelieowC Agn



kAST (TIPAA)
Arlington Hall Station 10
Arlington 12, Virgin0

Scientific and Technical Information FaciitY 1
Attnu NASA Representative (8-ANAL)
?.0. Box 5700
Detbeeda, Maryland

Direotor
Langley Research GentsrNational Aeronautics and Space Adlzaistration

Langley Field, Virginia

Chief, Bureau of Naval Weapons 2
Department of the Navy

Washington 25, D. C.
Attnt DLI-31

Director (Oode 202?) 2
.e. Naval Research Laboratory

Washington 25, D. C.

Director, USAF Project RANDThe Rand Corporation
1700 Main Street

Santa Monica, California
THRUt AF Liaison Office

AFCRL, OAR (CRXRA - Stop,.39) 20
L.G.Hanseom Field
Bedford, Wass. (Please mail separately from &nW

other reports going to this Hqs.
as they must be sent to our
Documets Section)

Technical laformatien Office
uopean Office, Aerospace ReNehar •h

Shell biL"dIng, 47 Cantersteea
armel tBelgium

U.S. ArW Aviation Hunan esearch Unit
U.S. Omtlnestal An 0omend
P.O. Bx x26, Fort Ruoker, Alabama
Attal MaJ. AM. Ho. 1.IaSsou

____



Page.3

Library 2
Boulder Laboratories
National Bureau of Standards
Boulder, Colorado

Institute of the Aerospace Sciences, Inc. 1
2 East 64th Street
New York 21, New York
Attn: Librarian

AFRCL, OAR (cRu, J.R. marple)
L.G.Hanscoo FieldJBeford, Mass.

Office of Naval Research 10
Branch Office, London
Navy 1oo, Box 39
F.P.O., New York, N.Y.

Massachusetts Institute of Technolog I
Research Laboratory
Building 26, Room 327
Cambridge 39, Massachusetts
Attnt John H. Hewitt

Alderman Library 1
University of Virginia
Charlottesville, Virginia

Defence Research Member
Canadian Joint Staff
2450 Massachusetts Avenu, N.V.
Washington 8, D. C.

Hq. AF1RL, OAR (CRRCP, L.C. nur)
L.G.Hansoou Field, Bedford, Mass. 5

S. . . .. .. . . . .-.... .3


